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Serum-to-2i interconversion of mouse embryonic
stem cells (mESCs) is a valuable in vitro model for
early embryonic development. To assess whether
3D chromatin organization changes during this tran-
sition, we established Capture Hi-C with target-
sequenceenrichment ofDNase I hypersensitive sites.
We detected extremely long-range intra- and inter-
chromosomal interactions between a small subset
of H3K27me3 marked bivalent promoters involving
theHox clusters in serum-grown cells. Notably, these
promoter-mediated interactions are not present in 2i
ground-state pluripotent mESCs but appear upon
their further development into primed-like serum
mESCs. Reverting serum mESCs to ground-state 2i
mESCs removes these promoter-promoter interac-
tions in a spatiotemporal manner. H3K27me3, which
is largely absent at bivalent promoters in ground-
state 2i mESCs, is necessary, but not sufficient, to
establish these interactions, as confirmedbyCapture
Hi-C on Eed/ serum mESCs. Our results implicate
H3K27me3 and PRC2 as critical players in chromatin
alteration during priming of ESCs for differentiation.
INTRODUCTION
The pluripotent properties of mouse embryonic stem cells
(mESCs) make them an invaluable model for fundamental
research into the regulatory mechanisms in early development.
mESCs are classically cultured in growth media supplemented
with fetal calf serum and leukemia Inhibitory Factor (LIF) or,
more recently, in serum-free 2i medium that contains LIF plus
two small-molecule kinase inhibitors: PD0325901, targeting
the mitogen-activated protein kinase (MEK) pathway, and748 Cell Stem Cell 17, 748–757, December 3, 2015 ª2015 Elsevier InCHIR99021, targeting the glycogen synthase kinase-3 (GSK3)
pathway (Ying et al., 2008). It is well accepted that 2i mESCs
represent a ground-state pluripotency, whereas the classical
serum-derived mESCs are reminiscent of post-implantation
pluripotent stem cells (Marks and Stunnenberg, 2014; Marks
et al., 2012; Nichols and Smith, 2009; Odsworth et al., 2015;
Plusa and Hadjantonakis, 2014; Ying et al., 2008).
mESCs grown in both serum+LIF (‘‘serummESCs’’) and 2i+LIF
media (‘‘2i mESCs’’) are pluripotent; however, they show distinct
epigenetic landscapes and transcriptomic profiles (Habibi et al.,
2013;Marks et al., 2012). 2imESCshave higher expression levels
of metabolic genes and diminished expression levels of lineage-
priming genes compared to serummESCs (Marks et al., 2012). In
serum mESCs, around 3,000 genes have a bivalent chromatin
state (co-occurrence of H3K27me3 and H3K4me3 marks) and
are said to be poised for activation and predominantly coincide
with promoters of genes involved in cell-fate determination and
development (Azuara et al., 2006; Bernstein et al., 2006; Ku
et al., 2008). In 2i mESCs, the number of bivalent genes reduces
drastically; however, loss of repressive H3K27me3 does not
result in transcriptional activation (Marks et al., 2012; Pasini
et al., 2007). 2i mESCs have a hypo-methylated DNA similar to
pre-implantation embryos, whereas serum mESCs are hyper-
methylated, reminiscent of post-implantation embryos (Habibi
et al., 2013; Leitch et al., 2013; Seisenberger et al., 2012; Smith
et al., 2012). Together, these findings suggest that serummESCs
are epigenetically more restricted and developmentally primed
as compared to ground-state 2i mESCs.
The 3D organization of chromatin may well play a role in initi-
ation and/or maintenance of the distinct epigenetic landscapes
and gene expression in the two states of pluripotency. The plas-
ticity of the 3D conformation and its instructive role has been a
subject of debate in recent years. The prevailing view is that in
closely related cell types global interaction dynamics are limited,
while fine-tuning of local interactions is potentially more frequent
and linked to the transcriptional state (Bickmore, 2013; Dixon
et al., 2015; Gibcus and Dekker, 2013; de Wit et al., 2013).
Most of the promoter-promoter and promoter-enhancerc.
interactions take place within Topologically Associated Domains
(TADs), which are on average 880 kb in size (Dixon et al., 2012).
On the other hand, long-range interactions that span across
TADs as well as chromosomes are rare when compared to the
frequency of intra-TAD interactions (Gibcus and Dekker, 2013;
Schwartz et al., 2012; Seitan et al., 2013; Sofueva et al., 2013).
In this study we assessed the dynamic reorganization of the
3D chromatin architecture in two closely related states of plurip-
otency using a Capture Hi-C (CHi-C) approach.
RESULTS
CHi-C
To study dynamics in chromatin architecture and to characterize
long-range interactions, we performed Hi-C using DpnII as
the restriction enzyme, potentially reaching a genome-wide
coverage at a resolution of less than 1 kb. We subsequently per-
formed enrichment of interactions by a target-capture (called
CHi-C), similar to the exome sequencing approach. We enriched
ligation products (interactions) using probes designed to capture
targeted regions (Table S1). Probeswere designed to capture loci
targeting the union of all DNase I hyper-sensitive sites (DHSs)
from the chromatin of serum and 2i mESCs (Figures S1A and
S1B, Table S1). This elaborate representation of the genome of
100k loci allows probing of promoter-promoter, promoter-
enhancer, and enhancer-enhancer contacts (Figure 1A). After
paired-end sequencingwas performed,we removed unanchored
reads and duplicates, yielding a total of 784 million reads (Table
S1) with 2 million significant long-range contacts. The fold
enrichment for the probe-targeted open chromatin regions was
20-foldwith a capturing efficiency of 58.4%on average (at least
one-end overlap with targeted regions). To validate the robust-
ness of the CHi-C approach, all experiments were conducted in
two biological replicates and resulted in high reproducibility (Fig-
ures S1C–S1H). The distributions of promoter-promoter, pro-
moter-enhancer, and enhancer-enhancer interactions between
2i and serum mESCs were found to be very similar (Figure 1A).
Extremely Long-Range Interactions
We computed a score for each interaction that is a function of
distance and frequency of contact between two genomic frag-
ments, using a pipeline specifically developed to analyze
CHi-C data, called ‘‘CHiCAGO’’ (Cairns et al., 2015). We used
five di-tag reads within five adjacent DpnII fragments as a cut-
off. Visual inspection showed high-ranking interactions involving
Hox and other genomic loci in serummESCs that were absent or
very low in 2i CHi-C (Table S2). Next, we performed virtual-4C
analyses to identify long-range interactions excluding intra-
TAD interactions. We filtered for differential long-range interac-
tions between serum and 2i mESCs (>3-fold change). The Circos
plots revealed prominent interactions that are intra- as well as in-
ter-chromosomal (Figure 1B, red lines), henceforth defined as
Extremely Long-Range Interactions (ELRIs). Including Hox
genes, 108 protein coding genes and 93 non-coding genes
were identified to be directly overlapping with ELRI loci (Table
S2). Most of the previously reported Hox interactions in serum
mESCs (Vieux-Rochas et al., 2015) were independently identi-
fied by our CHi-C approach. ELRIs nearly exclusively occur in
serum mESCs and are absent or strongly reduced in ground-Cellstate 2i mESCs. Local intra-TAD contacts appear largely unaf-
fected (Figure 1B, blue lines, and Figure S1I). Examples of dy-
namic interactions between the HoxD locus and Lmx1b or Wt1
loci on chromosome 2, as well as the reverse from Lmx1b to
HoxD locus, Lhx2, and Dlx1/Dlx2, are illustrated (Figures 1C–
1E). To validate the results obtained from CHi-C, we performed
4C on selected ELRI loci and found high consistency, showing
the robustness of the CHi-C approach (Figure S2). FISH experi-
ments proved to be challenging because of the refractory prop-
erties of 2i mESCs and did not yield confident results.
Characteristics of ELRI Loci
We next investigated the epigenetic makeup of ELRI loci by
profiling histone marks: H3K4me3, H3K36me3, H3K4me1,
H3K27ac, H3K9me3, and H3K27me3. In addition, we also pro-
filed other DNA-binding proteins: RNA Polymerase II, Ring1B,
Suz12, and CTCF (Figure 1F). The analysis reveals H3K27me3
as the prominent feature of ELRI loci. The presence of
H3K27me3 with low levels of H3K4me3 is the hallmark of biva-
lent loci. Like H3K27me3, Ring1B and Suz12 are also prominent
factors localized at ELRI loci (Figure 1F). The presence of
H3K27me3 is not an exclusive feature of ELRI loci as the vast
majority of bivalent loci, even those with very high H3K27me3
marking, do not participate in ELRIs (Figure 1G). A virtual-4C
plot from the HoxD viewpoint underscores the selective nature
of ELRIs (Figure 1D). Thus, the presence of H3K27me3 is a prom-
inent, but not selective, feature of ELRIs.
It is well established that bivalent loci coincide with promoters
of genes involved in cell-fate determination and development
(Azuara et al., 2006; Bernstein et al., 2006). Accordingly, ELRI
loci also largely overlap with promoters of transcription factors
involved in cell-fate determination (78/108) and possess a ho-
meobox DNA-binding domain (63/108) (Figure 1H, Table S2).
Plotting the distributions of ELRI CHi-C and H3K27me3 tags re-
veals their spatial co-localization and confinement to a region
(with an average size of 36 kb) centered on the transcription start
sites (Figure 1I). The intimate connection between ELRI contacts
and H3K27me3 can also be appreciated from Lmx1b and Wt1
ELRI promoters (Figures 1C and 1D).
After establishing the connection between ELRI loci and co-
localization with promoters, we compared the strength of ELRIs
with other classes of promoter-promoter interactions. We com-
puted the average normalized di-tags for promoter-promoter in-
teractions representing intra-TAD interactions (300 kb to 1 mb),
inter-TAD interactions (>1 mb), and ELRI contacts identified by
the CHiCAGO pipeline (Figure 1J). Notwithstanding the extreme
long distance, ELRI contacts were similar in strength to pro-
moter-promoter intra-TAD contacts and were stronger than
non-ELRI promoter-promoter inter-TAD interactions (Figure 1J).
Loss of ELRIs in Eed–/– Serum mESCs
Epigenetic profiling of ELRI promoters points to a role of
H3K27me3 in the interactions. To investigate the putative role of
PRC2 and H3K27me3 deposition in ELRIs, we performed CHi-C
on Eed/ mESCs cultured in serum media. Eed is one of the
core components of the PRC2 complex and the absence of Eed
results in destabilization of the PRC2 complex and a complete
loss of H3K27me3 (Boyer et al., 2006; Wang et al., 2002). We
observed that in Eed/ mESCs, ELRIs are lost or stronglyStem Cell 17, 748–757, December 3, 2015 ª2015 Elsevier Inc. 749
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Figure 2. Eed–/– mESCs Lack ELRI Contacts as in 2i mESCs
(A) Circos plots for serum and 2i mESCs (left two plots) and for Eed/ (right). Description is as in Figure 1B.
(B) An example showing the lack of ELRIs in Eed/ mESCs as in 2i mESCs. Using the HoxA locus (blue shaded regions) as the viewpoint, CHi-C signals on
chromosome 6 (sum of normalized di-tags in a sliding window of 100 DpnII fragments) are plotted for serum, 2i, and Eed/mESCs. Differential ELRI regions are
shaded in red. On top, ELRI contacts are indicated by red arches.
(C) Bar plots of relative strength of ELRI contacts in serum, 2i, and Eed/mESCs. Standard error of themean (SEM) of the enrichment is calculated using the two
biological replicates.
Also see Figure S2.reduced, similar to the situation in 2i mESCs (Figures 2A and 2B).
To quantify the loss of ELRI strength, we compared average
normalized di-tags on ELRI promoters of Eed/ mESCs withFigure 1. ELRIs in Serum mESCs are Lost in 2i mESCs
(A) The bar plots show the abundance of different classes of all CHi-C interactio
(B) A graphical representation of ELRIs using a Circos plot for the chromosome
marked loci (blue outer ring) in serum mESCs (left) and 2i (right). Inter- and intra-c
genes (blue lines) are represented in the inner plots. The four Hox gene clusters
(C) Schematic representation of chromosome 2 and positions of genes, indicated
chromosome. Two ELRI contacts (Lmx1b andWt1) interacting with HoxD are hig
(D) Zoom-in snapshots of browser views for Lmx1b,Wt1, Dll4, and Gad2 from th
ELRI contacts with the HoxD locus, in serum mESCs (orange track) and 2i mE
contacts focalized on promoters that overlap with H3K27me3 peaks in serum mE
mESCs are colored red and light blue, respectively.
(E) Zoom-in snapshots as in (D) from Lmx1b as the viewpoint, showing interactio
(F) A heat map showing topography of histone marks and DNA-binding factors on
highest to lowest enrichment.
(G) A box plot showing comparable H3K27me3 intensity (log2RPKM) on ELRI an
(H) Diagrams of the gene-functional classes of ELRIs.
(I) Average profiles of CHi-C and H3K27me3 signals from serummESCs on the tra
focal nature of ELRI contacts around the TSSs of ELRI genes and its correlation
(J) Comparison between strengths of ELRIs and all other promoter-promoter conta
kb to 500 kb, 500 kb to 1 mb, and >1 mb. The strengths of other significant pro
contacts are represented in blue, red, and gray, respectively. The definition of st
Also see Figure S1.
CellWT serummESCs and 2i mESCs (Figure 2C). The strength of EL-
RIs inEed/mESCswascomparable to the strength observed in
2i mESCs. In contrast, the intra-TAD interactions (Figure 2A, bluens in serum and 2i mESCs.
s involved (outermost ring). The plots show the interactions for all H3K27me3
hromosomal ELRI contacts (red lines) and interactions between other bivalent
are marked in red.
by dashed squares. Density plots of CHi-C signals are plotted along with the
hlighted in red, while non-ELRI genes (Dll4 and Gad2) are highlighted in black.
e HoxD locus as viewpoints. Snapshots for Lmx1b and Wt1 depict differential
SCs (dark blue track). Single DpnII fragment resolution of CHi-C shows ELRI
SCs and are absent in 2i mESCs. H3K27me3 tracks for serum mESCs and 2i
n patterns with the HoxD locus, Lhx2, and Dlx1/Dlx2.
ELRI loci compared to other bivalent and active genes. Color scheme indicates
d other bivalent loci.
nscription start sites (TSSs) of ELRI genes. CHi-C signal (orange line) shows the
with the H3K27me3 mark (blue line).
cts. Promoter-promoter contacts are illustrated in three distance intervals: 300
moter-promoter interactions, ELRI contacts, and random promoter-promoter
rength can be accessed in the Supplemental Information.
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line)weregenerallynot affectedby the lossof theH3K27me3mark
in Eed/mESCs as in 2i mESCs (Figure 2A). This implicates that
unlike ELRIs, these intra-TAD interactions are not dependent on
H3K27me3 and PRC2. We validated the Eed/ CHi-C experi-
ments by 4C onHoxA and HoxD as well as on selected ELRI pro-
moters (Figures S2A and S2B). We also compared Eed/ CHi-C
data with existing 4C data, showing good overlap (Figure S2C,
Denholtz et al., 2013). Thus,PRC2andH3K27me3play indispens-
able roles in the formation of ELRIs.
Time-Dependent Loss of ELRIs during Transition from
Serum-to-2i mESCs
To study the dynamics of ELRIs during transition from serum-to-
2i, we performed CHi-C on Day1 and Day3 after medium ex-
change (Figure 3A). The interaction patterns of ELRIs show a
gradual loss starting as early as Day1. Most ELRI contacts are
drastically reduced or were not detected anymore at Day3,
such as the interaction between Bmi1 and the HoxD locus (Fig-
ure 3A). Other ELRI contacts such as Meis2 and Pax6 are still
observable at Day3, although at severely reduced strengths (Fig-
ure 3A). This dynamic loss of ELRI strength was validated using
the 4C approach on Day1 and Day3 mESCs, as exemplified by
HoxA and Vax2 (Figures 3B and S3A) as well as other ELRI con-
tacts (Figure S3B). To quantify the loss of ELRI strength we
compared average normalized di-tags on ELRI promoters during
the transition of serum-to-2imESCs (Figure 3C).Compared to the
strengthof ELRIs inWTserummESCs,weobservedonaveragea
67% reduction on Day1 and an 85% reduction on Day3.
The loss of ELRIs in Eed/ and in WT 2i mESCs shows that
H3K27me3 deposited by the PRC2 complex is necessary for EL-
RIs. However, H3K27me3 deposition is not sufficient for ELRIs,
because most bivalent loci that are equally marked with
H3K27me3 are not involved in ELRIs. Given the interplay be-
tween PRC2 and PRC1 in epigenetic shaping of repressive chro-
matin, we investigated the role of PRC1 in ELRIs as PRC1 has
been shown to be recruited to H3K27me3 to reinforce the func-
tion of PRC2 (Ku et al., 2008). We performed ChIP-seq experi-
ments on Suz12 and Ring1B during the serum-to-2i transition.
The occupancy of the PRC2 component Suz12 on ELRI loci
was unaltered in serum mESCs even up to Day3 (Figure 3D,
mid-panel), whereas H3K27me3 and ELRI contacts were largely
lost (Figure 3D, left panel). In contrast, Ring1B, a central compo-
nent of PRC1, shows a gradual reduction starting as early as
Day1, and the loss of occupancy becomes pronounced or
completed at Day3 in excellent synchrony with the loss of ELRIs
(Figure 3D, right panel). The reduced occupancy observed is not
due to reduced expression of Ring1B or other detected PRCFigure 3. Dynamics of ELRIs and PRC Subunit Occupancy during the S
(A) Differential ELRI contacts during the serum-to-2i transition. Using the HoxD lo
(sum of normalized di-tags in a sliding window of 10 DpnII fragments) are plotted
are highlighted as red shaded regions. On top, ELRI contacts are indicated by re
(B) A browser view of interaction between the viewpoint HoxA locus (shaded blue
(sliding window of 25 HindIII fragments). Red dashed arch indicates ELRI contact.
2i transition and in Eed/ mESCs.
(C) Bar plots of relative strength of ELRI contacts in serum, Day1, and Day3 of seru
calculated using the two biological replicates.
(D) Box plots for intensities of H3K27me3, Suz12, and Ring1B on ELRI loci and o
mESCs.
Also see Figure S3.
Cellcomponents as determined by quantitative Mass Spectrometry
(Figure S3C).
This temporal concordance between loss of ELRIs and PRC1
indicates a role of PRC1 as a reader of H3K27me3 and possibly
in mediating ELRIs. We observed that bivalent genes that do not
display ELRIs also have occupancy of PRC1 (Ring1B) similar to
that of ELRI loci. During the serum-to-2i transition, bivalent loci in
general show the same kinetics as ELRI loci with respect to loss
of Ring1B (Figure 3D). It seems likely that ELRIs require a specific
composition of the modular PRC1, specific transcription factor
co-binding, epigenetic context, or some combination thereof
that acts only on ELRI loci.
ELRI-Related Local Chromatin Dynamics and Gene
Transcription
We next investigated the effect of ELRIs on gene expression. We
previously showed that in 2i, two-thirdsof thebivalent genes (total
3,000) are not yet marked with the H3K27me3, but only 10%
show significant transcriptional activity (Marks et al., 2012). Simi-
larly, 18% of ELRI genes are significantly expressed in 2i, and
they become repressed in serum having gained H3K27me3 and
ELRIs (Figures 4A–4B, Table S3). Strikingly, these genes encode
subunits of PRC1: Cbx4, Cbx8, and Bmi1 (Morey et al., 2012).
This suggests a potential change in the composition of PRC1 in
the transition from ground-state 2i to primed serum mESCs.
Another ELRI gene that is significantly more highly expressed in
2i mESCs is Tbx3, which has been shown to be important for
self-renewal of mESCs (Ivanova et al., 2006).
Next, we looked at the temporal changes in local chromatin ar-
chitecture of the ELRI genes during the transition from the
serum-to-2i mESCs state. Loss of ELRIs coincides with diverse
spatiotemporal changes in local intra-TAD interaction patterns
and gene expression. The diverse changes in the local 3D chro-
matin structure and their effects on gene expression are illus-
trated by the following four examples.
ELRI loci such as those encoding Bmi1 gradually lost the
H3K27me3 mark, and their interactions with Hox and with local
inter-TAD H3K27me3 marked regions were also lost. These
changes were accompanied by gain of H3K27ac at the
Bmi1 promoter, i.e., a change in chromatin state (Figure 4C, or-
ange shaded region), and they resulted in increased transcrip-
tional activity. The Lbx1 locus also gradually lost ‘‘negative’’
H3K27me3-mediated interactions, while some of the interacting
regions in serum mESCs, which had been decorated with the
repressive H3K27me3, gained ‘‘positive’’ histone modifications
H3K27ac and H3K4me1 in 2i mESCs (Figure 4F, green shaded
region). In contrast to Bmi1, the transcriptional activity of Lbx1erum-to-2i Transition
cus (blue shaded regions) as the viewpoint, CHi-C signals on chromosome 2
for serum, Day1, and Day3 of serum-to-2i transition and 2i. Dynamics of ELRIs
d arches.
) and Vax2 (shaded red) during the serum-to-2i transition and in Eed/mESCs
A zoom-in view on the right shows the loss of ELRI onVax2 during the serum-to-
m-to-2i transition and 2i. Standard error of the mean (SEM) of the enrichment is
ther bivalent genes in serum, Day1, and Day3 of serum-to-2i transition and 2i
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was not significantly increased (Figure 4F). In the case of Tbx3,
interactions with H3K27me3 loci were lost (Figure 4E, orange
shaded regions), and contacts with enhancer-like loci (marked
with H3K27ac and H3K4me1) were strengthened (Figure 4E,
green shaded region). However, unlike Lbx1, the transcriptional
activity was increased in response to local chromatin changes.
Finally, at the Meis2 locus, the loss of ELRI and H3K27me3 re-
sulted in the formation of novel contacts between the promoter
and potential enhancers (H3K27ac and H3K4me1 marked loci)
and enhanced transcription of Meis2 (Figure 4D, green shaded
regions).
ELRI genes move from a relatively active chromatin state (in 2i
mESCs) to a repressed chromatin state (in serum mESCs) when
these changes are considered in a developmental context (2i-to-
serum state pluripotency). The changes in the chromatin state
are illustrated in a heat map (Figure S4A). The gradual gain of
H3K27me3 is evident on all ELRI loci during the transition from
ground-state to primed mESCs. However, only a subset of
30 genes lose H3K27ac during the transition from the 2i-to-
serum state and are transcriptionally repressed.
DISCUSSION
In this study, we show that ELRIs involving Hox and other
genomic loci are present in serum mESCs but not yet estab-
lished in the ground-state 2i condition. Our analysis provides
evidence for spatiotemporal changes in 3D chromatin structure
involving establishment of ELRIs during the 2i-to-serum transi-
tion. The overall organization of ELRI contacts established dur-
ing this transition suggests a coordinated program that encom-
passes extensive reshaping of the transcriptome, epigenome,
and 3D interactome during early stem cell differentiation. The
absence of ELRIs in 2i ground-state seems to indicate that these
interactions are not essential for the maintenance of pluripo-
tency. Based on the idea that 2i mESCs represent an earlier
developmental state (i.e. the inner cell mass [ICM]) and serum,
a later developmental state (Boroviak et al., 2014; Habibi et al.,
2013; Hackett and Surani, 2014; Huang et al., 2014; Marks and
Stunnenberg, 2014; Nichols and Smith, 2009; Odsworth et al.,
2015; Plusa and Hadjantonakis, 2014; Ying et al., 2008), we hy-
pothesize that ELRIs are absent in embryos prior to implantation
and that these interactions are acquired at later stages, probably
to restrict or poise controlled genes for transcriptional activity.
This proposal would be in line with the previous findings that
H3K27me3 and PRC2 are not essential for pre-implantation em-
bryos, but are essential for differentiation and formation of pri-
mary cell layers (Pasini et al., 2007; Wang et al., 2002).
The severe reduction in levels of H3K27me3 at ELRI loci in 2i
mESCs, compared to serum mESCs, hints at a role of PRCs in
ELRIs. CHi-C on Eed/ showed that PRC2 activity is necessary.Figure 4. Transcriptional and Chromatin State Changes at ELRI Loci
(A and B) Left panels: a histogram for probabilities of differential expression for
probability value of greater than 0.2 were considered as differentially expressed (
unchanged in transcriptional activity and 19 genes were upregulated in 2i mESC
(C–F) Snapshots of ELRI loci of Bmi1, Meis2, Tbx3, and Lbx1 genes, respectiv
shaded). While resolving H3K27me3-marked ‘‘negative’’ interactions, new ‘‘posit
shaded) are established. On top of the black boxes for the exemplified loci, intra-
represented as density plots. The red dashed arches represent repressive intera
Also see Figure S4.
CellThe occupancy of ELRI loci by Suz12 remains unaltered up to
Day3, at which point 85% of ELRI strength is lost, showing that
the enzymatic activity of PRC2 is a critical factor, rather than
its binding at ELRI loci.
The synchrony between loss of ELRIs and loss of the PRC1
componentRing1B issuggestiveof its role inELRIs.The traditional
view is that PRC2 acts as the initiator in the formation of a PRC2/
PRC1 chromatin state by depositing H3K27me3 that recruits
PRC1 through the Cbx reader protein family (Boyer et al., 2006;
Simon and Kingston, 2009). In serum mESCs, PRC2 has been
shown to recruit PRC1 components to Hox loci (Boyer et al.,
2006). Hence, it is possible that PRC2 acts only as the recruiter
of PRC1, which then mediates ELRIs. In line with this model,
knocking out Eed precludes H3K27me3 deposition and conse-
quently recruitment of a PRC1 complex (Boyer et al., 2006;
Wanget al., 2002). In fully converted 2imESCs (Day15–18), similar
toEed/mESCs, theH3K27me3mark is strongly diminished, re-
sulting in poor recruitment of PRC1 (Habibi et al., 2013).Wepostu-
late that, in 2i mESCs, the loss of enzymatic activity of Ezh2
results in poor or lack ofH3K27me3deposition; consequently, ca-
nonical PRC1cannot bind andELRIs cannot be established. In the
past, Denholtz et al. (2013) have also suggested a role of PRC2 in
chromatin compaction in serum mESCs, although the HindIII-
based 4C did not have sufficient resolution to reveal the pro-
moter-promoter nature of ELRI contacts described in this study.
The subunit composition of the PRC1 complex involved in EL-
RIs remains to be established. Our data show that Ring1B occu-
pancy is not only reduced at ELRI loci but is also reduced at other
bivalent loci and displays the same kinetics during the transition.
Thus, the mere presence of Ring1B (PRC1) is insufficient to
generate selectivity in ELRIs. A role of Ring1B in canonical
PRC1 has been reported in local compaction at Hox loci (Eske-
land et al., 2011). Furthermore, Eskeland and coworkers using
the Eed/ mESCs, showed that PRC2 is not sufficient for local
compaction of chromatin in mESCs, providing a striking parallel
to our study.Given thehighlymodular composition of PRC1com-
plexes (Chen and Dent, 2014; Creppe et al., 2014; Senthilkumar
and Mishra, 2009), we hypothesize that a specific PRC1 subunit
composition is required for ELRI formation, and this specific
PRC1 complex distinguishes ELRI loci from other bivalent loci.
While our manuscript was in revision, Schoenfelder and co-
workers identified extremely long-range interactions in serum
mESCs using a promoter CHi-C approach. Based on Ring1A-
Ring1B-dKO mESCs, they pointed to a role of PRC1, in line
with our speculation (Schoenfelder et al., 2015). Their promoter
and our DHS capture approaches identify ELRIs that largely
overlap (80% of coding genes in Schoenfelder et al., 2015 are
independently identified in our study as ELRIs; Figure S4B).
While we firmly established a role of PRC2 using CHi-C on the
Eed/ mESCs, they revealed the critical role of PRC1 in the108 ELRI genes (top) and 2,985 other bivalent genes (bottom); genes with a
represented as green). Right panel: of the 108 ELRI genes, 89 genes remained
s compared to the serum condition.
ely. ELRI genes (blue shaded) interact with local H3K27me3 regions (orange
ive’’ interactions between the promoters and H3K27ac-marked regions (green
and inter-chromosomal interactions between Hox loci and other ELRI loci are
ctions, whereas the green dashed arches represent positive interactions.
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process. In the Ring1A-Ring1B-dKO mESCs, ELRIs cannot be
established because these dKO mESCs have an active PRC2
complex but a defunct PRC1 complex. Taking both studies
together, it is prudent to postulate that PRC2 acts as an initiator
of ELRIs by deposition of H3K27me3 and subsequent recruit-
ment of canonical PRC1, whichmay act as the physical mediator
of ELRIs.
EXPERIMENTAL PROCEDURES
Cell Culture
E14 Tg2a (also called E14) is a male mESC line of 129/Ola background. Serum
(E14) mESCs were grown in DMEM containing 10% fetal calf serum in the
presence of LIF, referred to as serum medium. 2i (E14) mESCs were grown
in serum-free NDiff 227 supplemented with MEK inhibitor PD0325901 (1mM)
and GSK3 inhibitor CHIR99021 (3mM) in the presence of LIF, referred to as
2i medium (Ying et al., 2008). All cell cultures were conducted in feeder-free
conditions. The serum-to-2i transition was carried out by washing the mESCs
in serum medium twice with PBS and then switching to 2i medium. Eed/
mESCs were provided to us by Luciano di Croce and Anton Wutz, and are
described in Morey et al. (2012) and Schoeftner et al. (2006). Eed/ mESCs
were also grown in identical conditions to those of WT E14 serum mESCs.
CHi-C
The CHi-C experiment was divided into two parts: in-nucleus Hi-C and ssDNA
probe capture enrichment. In-nucleus Hi-Cwas carried out as described in Na-
gano et al. (2015). DpnII was used as the restriction enzyme. On beads DNA
amplification PCRwas carried out with seven to nine cycles to generate around
1 mg of Hi-C library DNA. The ssDNA probe capture step was carried out using
the protocol providedbyRocheNimbleGen Inc. (http://sequencing.roche.com/
products/nimblegen-seqcap-target-enrichment/seqcap-ez-system/seqcap-ez-
developer.html) optimized for the probe capture library. Libraries were indexed
using NEXTflex adapters (Bioo Scientific Corporation) and 75 bp or 43 bp
paired-end sequencing was performed on Illumina instruments using TruSeq
reagents (Illumina), according to the manufacturer’s instructions.
DNase I-Seq, ChIP-Seq, 4C, and RNA-Seq
A detailed description of sample preparation and data analysis is available in
the Supplemental Experimental Procedures.
Public Datasets Used in This Study
4C primers and 4C data for Eed/ mESCs and serum mESCs are from Den-
holtz et al. (2013). The CHi-CHox loci interactors list is from Schoenfelder et al.
(2015). H3K4me3, H3K9me3, and H3K36me3 ChIP-seq data are from Marks
et al. (2012).
ACCESSION NUMBERS
The accession number for all the raw data generated using high-throughput
sequencing reported in this paper has been deposited in the GEO database
(GEO: GSE72164).
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